Abstract -Samples of AlSi10Mg alloy were first constructed, selecting the manufacturing parameters through a parametric method based on an experimental design; with the same technique, samples of a metallic matrix composite (AlSi10Mg matrix base and particles of SiC reinforcements) were also made. The evolution of the density with the introduction of reinforcements into the AlSi10Mg alloy was studied. This showed an increase in the porosity level with the reinforcement volume fraction. The material hardness and electrical conductivity were then evaluated, along with conventional mechanical characteristics, and microstructural changes with respect to heat treatments on both the AlSi10Mg alloy material and AlSi10Mg matrix composite. Doing so allows correlating material hardness and electrical conductivity (as observed for conventionally produced alloys: casting or wrought). The tensile strength, yield strength and Young's modulus were measured. A significant increase in the conventional mechanical characteristics compared with casting was shown, due to hardening by structure refinement. Evidence is given to relate the yield strength value to the reduction in the dendrite arm spacing (DAS) by application of the Hall-Petch law. We discuss the understanding of the thermal process involved (temperature distribution and fast cooling rate). In addition, observations and analysis of the microstructural changes are presented: building tracks, the disturbed zone, and structural variations linked to heat treatment.
S elective laser melting (SLM) is an additive manufacturing method, the latter designating all industrial processes allowing the direct manufacturing of functional components. It is defined by the layerby-layer construction of the desired component: a laser fuses metal powder following 3D data input from a computer. This technology offers great advantages thanks to its rapid process, the absence of tooling (e.g. moulds), fewer production constraints during the design stage, potential mass gains, etc.
Aluminium alloys are not often employed with this technique. Indeed, these appear ill-suited, mainly due to the natural layer of oxide generated on the material surface, but also due to their high reflectivity (of the laser beam) and their thermal conductivity. Nevertheless, the potential gains of selective laser melting of aluminium alloy may be studied from an industrial component production point of view. Particularly for metal matrix composites, it allows a finished component with little to no need for machining so as to reduce extra costs related to tool wear (for example).
Thus, in this document we study samples of AlSi10Mg aluminium alloy and MMCs (AlSi10Mg matrix base with SiC reinforcements) obtained by SLM in order to observe and explain some mechanical and Article published by EDP Sciences metallurgical properties of these materials (density, metallurgical structure, heat treatments, mechanical characteristics, etc.).
Material and method

Selective laser melting machine
The machine used in this study was a Phenix Systems PM 100 equipped with a 200 W fibre laser YAG (Fig. 1) .
The building platforms of parts and samples are made of aluminium alloy. The temperature within the processing chamber was set to 200
• C. All trials were performed with a protective atmosphere (pure argon -min 99.99%) to prevent oxidation of the aluminium alloy (AlSi10Mg); the layer thickness was set to 30 μm. The manufacturing strategy influences the properties of fabricated parts. Several manufacturing strategies exist and our choice is known as "crossed" (Fig. 2) . In this strategy, tracks built in the same plane all have the same orientation. The execution order of the tracks is shown in Figure 2 (order of lasing). The direction of the laser beam (and therefore the tracks) is alternated. The square in Figure 2 indicates the direction of manufacturing tracks (first layer with a red arrow, f ollowed by the second with a green arrow), hence the term "crossed" strategy.
AlSi10Mg alloy -powder and mixing
This alloy is primarily used for moulding. The main chemical elements are: about 10% (mass) silicon (Si), 0.35% (mass) magnesium (Mg) and iron (Fe). Several secondary elements may be accounted for, such as nickel (Ni), zinc (Zn) and titanium (Ti). The level of silicon brings the alloy composition close to eutectic for this family, thus providing it with excellent casting properties (particularly good castability). The magnesium content allows heat-treating the material (Technique de l'ingénieur M4675 [1] ). For over a decade, this alloy has been used for laser additive manufacturing with varying success: it was among the first to be supplied as powder (industrially). The knowledge (in SLM), the availability and the good castability of this alloy are the reasons why we used it as a matrix for the composite (MMC).
The AlSi10Mg alloy used in this study was provided by TLS Technik with the following characteristics:
-Powder: spherical particles.
Metal matrix composites are a composite material made of a metal matrix with reinforcements, either metallic or ceramic. They are commonly referred to as MMCs.
The aluminium metal matrix composites studied were formed by:
-An aluminium matrix of AlSi10Mg (see above). -SiC reinforcements (angular particlesd 90 = 13.7 μm and d 50 = 5 μm). The density of the SiC is 3210 kg.m −3 .
The following designation is henceforth used in this study for aluminium MMCs: Alloy/reinforcement/volume fraction form (particles p or fibres f) -temper.
For example: AlSi10Mg/SiC/10p -T6.
Samples
Small pins or cylinders (Fig. 3) were manufactured from the AlSi10Mg alloy and MMCs of the following dimensions:
-Diameter 10 mm. -Height 10 mm.
These pins are mainly used for heat treatments, metallographic study, density control, and hardness and electrical conductivity checks. Cylindrical tensile test samples were manufactured horizontally (in plane (x, y)) and vertically (Z-direction). The test samples were then drilled to the required final geometry according to ISO 6892 [2] (Fig. 4) .
Rectangular samples were also produced and further machined (approximately 80 × 10 × 2.5 mm) for evaluation of Young's modulus through vibratory testing.
Heat treatment: heating and cooling procedures
An oven with forced air convection was used for heat treatments. It is specifically designed for treating aluminium alloys (temperatures ≤650 • C) and is characterised by excellent temperature homogeneity (ΔT ≤ 6
• C). The hardening fluid used was cold water (≈20
• C). The transfer time of the samples in the hardening area was in all cases under 10 s (according to SAE AMS2772E [3] ).
The heat treatments on the AlSi10Mg alloy and the MMCs generated by selective laser melting were:
-Artificial ageing at 160
• C for 1 h, 5 h or 10 h.
-Solution treatment at 540
• C for 1 h or 3 h followed either by natural ageing or artificial ageing at 160
• C for 5 h.
Archimedes method
The Archimedes method allows determining the overall porosity of a sample, differentiating the open porosity P o from the closed porosity P f . This method is often used to determine the density of parts and samples made by SLM [4] . The principle is to measure mass m 1 in air and mass m 3 in liquid, to which we add a measurement in air of mass m 2 of the sample, which has been impregnated with the wetting fluid (distilled water).
Let m 1 be the dry sample mass in air (g). Let m 2 be the wet sample mass in air (g). Let m 3 be the immersed sample mass in water (g). Let ρ liq be the water density. Let ρ th be the theoretical density of the evaluated material. P o and P f may be expressed (in %) as follows:
Mechanical tests (tensile testing)
Tensile testing trials were conducted at ambient temperature and at 180
• C, pursuant to NF EN ISO 6892-1 and -2 [2] on a 100 kN W&B LFM machine (accuracy class 0.5 -range 1-100 kN). The tensile test speed used was 5 mm.min −1 .
Vibratory tests (Young's Modulus E )
Vibratory tests were performed to determine the Young's modulus of the studied materials. They are based on the resonance of a uniform beam in planar flexion. Vibratory evaluation consists of applying a known stress to the beam, then measuring its response. Simple geometrical constructions such as beams (Sect. 2.3) are used with known boundary conditions. Under these conditions, it is possible to extract a value for E (Young's modulus) from the natural frequency. For a beam of rectangular crosssection, the equation is given by (Oberst's method [5] ):
with: 
Hardness and electrical conductivity trials
These tests were conducted at ambient temperature such that: 
Results and discussion
Preliminary results
The objective was to determine an optimum SLM processing window for the AlSi10Mg alloy and the corresponding MMCs.
Three main processing parameters (factors for a DOE) were selected: -the laser scan velocity, noted V; -the recovery rate between two beam paths, Tr which is directly related to the scan spacing, E v (the scan spacing being the distance between two consecutive laser beams); -and the compacting indicator T c (the compacting indicator being the percentage of the layer thickness deposited in excess of said thickness, e.g. a T c of 50% for a layer of 30 μm gives a thickness of deposited powder of 45 μm).
Too low or too high values for these factors lead to decreased densification, and hence poor mechanical properties of the manufactured components. We could use a Box Behnken experimental design (DOE) to meet our needs: one DOE per material. The output of this DOE is the closed porosity using the Archimedes method. The open porosity was not kept as a selection criterion, given the high measurement uncertainties related to the mass evaluation of water-impregnated samples. The volume fraction of SiC in the MMCs presented here is limited to 15%. Indeed, usable samples (even pins) are harder to obtain for higher fractions. As shown in Figure 6 , the samples are cracked; this phenomenon is enhanced with increased SiC volume fractions. Cracking is possibly due to internal stresses induced by the manufacturing method.
Characterisation
Sample density
Note that the theoretical density for AlSi10Mg alloy, based on the chemical composition of the material batch used (see Sect. 2.2.2, Table 2 ) for the study is 2654 kg.m −3 . The pins retained for the study have a density ranging from 2630 to 2650 kg.m −3 , i.e. very close to the theoretical volume mass of the AlSi10Mg alloy batch studied. On average, the density of the samples made of AlSi10Mg alloy is 2641 kg.m −3 . From Figure 7a , it is clear that despite the inclusion of SiC reinforcements and a higher density than aluminium, the composite densities remain lower than that of the alloy alone. This is simply due to increased porosity. The insertion of reinforcements into an aluminium metal matrix is therefore generally detrimental to porosity.
Nevertheless, the composites density grows linearly with the reinforcements (SiC) volume fraction, as per Figure 7b . Since this measured curve is not parallel to its theoretical counterpart (magenta line on Fig. 7a ), it appears there is a linear relationship between the porosity and reinforcements volume fraction.
Chemical analysis
Chemical analysis following the ICP-AES method was conducted on the AlSi10Mg powder supplied by TLS Technik (Table 2 ). It appears the chemical compound Mg is above the tolerance limits: 0.75% (mass) instead of 0.45% (mass) for the standard composition of AlSi10Mg (according to NF EN 1706 [8] The results show the compound Mg has decreased to 0.32% (mass), which is fully compliant with the standard composition of AlSi10Mg.
Thus, there is a 0.43% loss of Mg. The latter has the lowest vaporisation temperature (1090
• C) amongst all other compounds present; it is thus possible that part of the magnesium vaporised during the laser fusion process. This phenomenon was also observed at the LERMPS laboratory [9] . Powders are thus supplied with an increased quantity of magnesium to ensure the conformity (according to NF EN 1706 [8] ) of the alloy after selective laser melting.
According to Tissot [10] , with a simple modelling of a track with a hemispherical melt (Fig. 8 ) which is quite close to reality (see Fig. 22 ), it is possible to determine the theoretical maximum temperature difference in the track from Equation (4):
with:
q: power passing through the surface of the melt bath. q = 40 W, allowing the power transmitted to the track to be 20% (estimation) of the laser power (200 W); this is due to the high reflectivity of the aluminium alloy [11] . λ: thermal conductivity of the AlSi10Mg alloy made by SLM. λ = 103 W.m −1 .
• C −1 [12] . r: mean radius of the track. r = 78 μm because the average width of the tracks was evaluated as being 156 μm in the DOE.
Thus, under these conditions, an evaluation of ΔT is 792
• C. Assuming that the contour of the track is 600
• C (the liquidus temperature for this AlSi10Mg alloy), then the maximum temperature at the centre of the laser beam is 1392
• C, which is greater than 1090
• C magnesium evaporation. Figure 9 below shows the evolution of microhardness HV0.3 and hardness HBW 1/10 with respect to the artificial ageing duration: base (no tempering, 0 h), 1 h of artificial ageing at 160
Hardness and electrical conductivity
• C, 5 h of artificial ageing at 160
• C and 10 h of artificial ageing at 160
• C for the AlSi10Mg alloy. Both these hardnesses (micro/macro) are used to evaluate the potential influence of porosity on hardness measurements.
There are no notable differences in the behaviour of either hardness: conclusions will thus be identical for both. As such, only the HBW 1/10 results will be discussed hereafter. Artificial ageing has little influence on the as-built temper, regardless of the hardness. The slight decrease in the alloy hardness after artificial ageing for 10 h at 160
• C is most probably related to the higher porosity of the sample pin (0.7% against 0.1% closed porosity for all other pins) rather than evidence of the influence of the artificial ageing. Figure 10 describes the influence of conventional heat treatments, i.e. solution heat treatment, quenching, and natural or artificial ageing, so as to obtain temper T4 and T6, on the HBW 1/10 hardness of pins manufactured by selective laser melting (AlSi10Mg alloy and MMCs).
All hardness values (for all natural and artificial ageing cases) are lower than those obtained from as built temper. As expected, the hardness of T4 is lower than that of T6.
The values obtained in this study were also compared with normalising values found in the literature, as given in Table 3 . It is clear that the hardness of AlSi10Mg T6 alloy obtained from selective laser melting meets NF EN 1706, corresponding exactly to the data given by Aluminium Pechiney [13] . There is thus no improvement in the mechanical characteristics under such conditions.
At as-built temper, AlSi10Mg alloy from powder-bed fusion exhibits particularly high hardness values: much higher than both the temper F and T6 states given by NF EN 1706 [8] . It is also 30 HV above the values given by Kempen et al. [14] for a similar manufacturing technique.
AlSi10Mg/SiC/10p-T6 MMC from selective laser melting thus has a higher hardness than an equivalent commercial alloy such as F3S.10S T6 [15] . The hardness of the AlSi10Mg/SiC/10p-T6 is therefore improved by about 9-10%.
The electrical conductivity is often used to monitor the precipitation of an aluminium alloy.
Variations in the electrical conductivity of the AlSi10Mg alloy (from selective laser melting) were also monitored in relation to the artificial ageing duration (similarly to the hardness, as presented previously) (Fig. 11) .
Electrical conductivity increases with artificial ageing time, implying an evolution of the alloy precipitation, and thus a modification of the mechanical properties. However, no changes in hardness were noted (Fig. 9 ). As such, despite a modification of the alloy precipitation, the latter does not seem to significantly influence as-built temper hardness. Figure 12 shows the electrical conductivity in relation to various tempers; considering the conventional metallurgy of aluminium alloys, temper T4 exhibits lower electrical conductivity (along with a lower hardness) than T6. Note the electrical conductivity for a 3 h solution heat treatment is slightly under that for a 1 h one, regardless of the subsequent treatment stage (natural or artificial ageing). This is possibly due to a more efficient solution heat treatment for a 3 h long operation: more precipitates dissolve into the solid aluminium solution. However, if this difference exists, it has no significant effect on the hardness values. 
Mechanical characteristics
Young's modulus
For these trials, three samples as per Section 1.3 were used. Table 4 presents the measured E-modulus, according to Equation (3).
The selected value for Young's modulus for AlSi10Mg alloy (from selective laser melting) is 66.3 ± 0.5 GPa. Comparison was made with values found in the literature, as presented in Table 5 .
The measured value is 8% lower than that conventionally accepted in gravity permanent mould casting; however, compared with values obtained from a similar production method, the gap is smaller but still remains lower [14] .
We also established Young's modulus for the AlSi10Mg/SiC/5p composite. Of all three samples available for this material, only one was retained; the others were too small and/or of too low density.
For the AlSi10Mg/SiC/5p MMC (from selective laser melting) the value for Young's modulus retained is 77.3 GPa. Young's modulus is therefore increased by approximately 16.5% compared with the AlSi10Mg alloy.
According to Totten [17] , the rule of mixtures or the iso-deformation criteria are given by Equation (5) and the iso-stress criteria are given by Equation (6) . with:
-Ec d or Ec s (see Eq. (6)) the elasticity modulus for the composite; -Em the elasticity modulus for the matrix; -Ep the elasticity modulus for the particle reinforcement; -Vm the matrix volume fraction; -Vp the particle reinforcement volume fraction.
(iso-stress criteria) (6) According to the literature [17] , MMCs do not conform with the iso-deformation and iso-stress criteria. Indeed, aluminium alloy MMCs are between two laws: the iso-stress criteria being the lower limit and the isodeformation criteria being the upper limit. In this case, the values obtained are E Cs = 69.3 GPa and E Cd = 87 GPa; as expected the E modulus for the AlSi10Mg/SiC/5p composite lies in this range.
Conventional mechanical characteristics
Two tempers are selected:
-As-built temper.
-Solution heat-treated (540 • C for 1 h) + quenching + artificial ageing (160
• C for 5 h) (temper T6). Table 6 presents the mechanical properties of horizontally and vertically built tensile test samples for as-built AlSi10Mg and AlSi10Mg T6 material.
The as-built temper mechanical characteristics are systematically better, as previously suggested by the hardness measurements conducted. As expected, mechanical characteristics at 180
• C are lower than at ambient temperature. There is also a strong anisotropy of these characteristics, the latter being always higher in the (x, y) plane than in the Z direction, as shown in Figure 13 .
Conversely, the paper from Kempen et al. [14] does not give any evidence of anisotropy, despite using the same production strategy for the alloy (Fig. 3 in Ref. [14] ). In the same paper, the mechanical characteristics (Rm) in plane (x, y) are 12% lower than the ones presented here.
Metallographic study
Construction strategy
As detailed in Setion 1.1, the manufacturing strategy is "crossed". On pins under a microscope, this strategy is defined by tracks oriented at 0
• and 90
• (Figs. 14a and 14b ) in plane (x, y) along with "waves" representing track segments in planes (x, z) or (y, z) [18] . The observations of Figure 14 performed on the AlSi10Mg alloy are also valid for MMCs.
Note that building tracks are clearly drawn by their contour, appearing entirely homogeneous.
Microstructure
In Figure 15 showing the optical microscope results, the following are seen. The microstructure of all the materials (Fig. 15) is made of dendrites (more or less fine) of solid aluminium solution along with acicular Al-Si eutectics. Nevertheless the microstructure rapidly evolves: an increase in the reinforcements (SiC) volume fraction modifies the latter to a "coarser" one. It is then characterised by the increased presence of acicular components (mainly Al-Si eutectics) with the increase in the reinforcement volume fraction.
The grains are not revealed here. Only electrolytic etching can reveal them. We will see that they have a size of a few tens of micrometres (Figs. 21 and 22) . The grain is defined as the group consisting of the dendrite and the eutectic.
Moreover, construction tracks are more distinguishable on micrographics with etching (reagent with sulphuric acid) (Fig. 15) . The dendrite structure, along with its Al-Si eutectics, is more clearly seen; in particular, it appears there is an orientation of both dendrites and eutectic components that was not noted on the micrographics without etching. This orientation can only be seen for AlSi10Mg alloy and for AlSi10Mg/SiC/5p (stated 5%) MMC.
Track contour
As seen in Figure 14 , contours for tracks obtained through selective laser melting are clearly spotted and appear to be of a coarser structure than the track core. The following figure (Fig. 16) shows AlSi10Mg tracks under the SEM; the coarse structure of the track contours is clearly visible.
Generating an X-ray map (using the EDS on the SEM) of the same area (Fig. 17) , a higher concentration of the element Si can be found in the track contours (specifically on the coarser structures).
Other main elements (namely Mg) are well spread, with no specific positioning.
It appears that higher concentrations of Si-made eutectic are located around the tracks (in the coarser structures). Looking closely at the track contours, there is indeed a zone of coarser structure approximately 8-9 μm wide. This zone is delimited on one side by the fine structure of the track core (No. 1 in Fig. 18 ) previously constructed, and by the fine structure on the outer edge of the newly constructed track (No. 2 in Fig. 18 ) on the other side.
An even coarser structure concentrated in a lane located in the altered structure area can be seen in Figure 19 . This lane most likely separates the heat-affected zone within a previously manufactured track (1). It is approximately 2 μm thick; it is thus the most affected in terms of structural changes ("coarse"), being closest to the liquid metal for the newly constructed track (2 "disturbed" area is also found in the new track, which may be caused by several factors: a dough-like area, modified cooling rate, etc.
Grain size and DAS (AlSi10Mg alloy)
The DAS (dendrite arm spacing) is the distance between secondary arms and dendrites (of aluminium alloy solid solution). In recent years, DAS has been used to describe the metallurgical structure of cast alloys and to estimate their mechanical characteristics [1] . In Figure 20 , fine dendrites of solid aluminium solution along with Al-Si eutectics are observed. The DAS for the AlSi10Mg alloy is evaluated at 0.5-0.6 μm (Table 7 and Fig. 20) with the intercept method [19] .
These observations confirm that the structure obtained by additive 
A hardening effect (increase in the yield strength) ΔRp 0.2 can be expressed as in Equation (8); hardening is obtained by the dendrites refinement, for which the mean DAS value goes from DAS 1 to DAS 2 (DAS 1 < DAS 2 ):
The coefficient K is dependent on the metal, more specifically its crystalline system; as such, the ΔRp 0.2 is in MPa, the DAS in mm and K is of the order of 8 for aluminium alloys [23] . Thus, going from DAS 1 = 20 μm to DAS 2 = 0.5−0.6 μm, the hardening is valued at 270 MPa. Referring to the expected yield strength of AlSi10Mg alloy from gravity permanent mould casting in temper F (e.g. 100-110 MPa) and the yield strength obtained from selective laser melting, in as-built samples (e.g. 365 MPa, see Sect. 2.2.4.2, Table 6 ), the value found is ΔRp 0.2 = 260 MPa (approximately). The Hall-Petch relation thus appears to clarify the increase in mechanical properties generated from selective laser melting.
The microstructure size obtained is dependent on the cooling rate ν. The following relation is often found in reference [23] :
with: -λ the formed grain size (or distance between dendrite arms); -B and n constants, dependent on the alloy considered.
For Al-Si alloys λ is assimilated to the DAS in Equation (9), thus giving:
Thus
Taking B = 35, n = 1/3 and DAS = 0.6 μm [23] , the cooling speed is 200 000
• C.s −1 , which corresponds to the admissible cooling speed for selective laser melting [24] .
Another technique to assess the cooling rate is the resolution of the heat equation in three-dimensional space (x, y, z). Only one numerical solution of the equation that we have not implemented here is conceivable.
The following figure (Figs. 21a and 21b) shows alloy grains located inside building tracks on an (x, z) and (x, y) cut.
The grains are oriented along Z with the tracks; there is thus a strong grain size anisotropy in the Z direction in the (x, y) plane. Indeed, grain size ranges from 1 to 10 μm in plane (x, y) whilst ranging from 17 to 42 μm along Z. As before, this yield strength anisotropy (between plane (x, y) and the Z direction) may be explained through the Hall-Petch law. Replacing the DAS by the grain size (mean diameter) gives: figure (Fig. 22) shows the grain orientation within the track into a cut (x, z). It appears that the grains grow from the edges of the bead in contact with other building tracks to the outer surface of the bead (in contact with argon): this is simply due to a directional solidification: faster cooling at the surface of already consolidated material. Note also in Figure 22 , the almost identical grain orientation within manufacturing tracks.
Structural modification after heat treating
When performing a solution treatmentquenching-artificial ageing (say for temper -The suppression of building tracks [21] .
-A more random grain orientation [21] .
-A grain size ranging from 16 to 42 μm. This new structure does not seem to be in favour of hardness (or mechanical characteristics) since the latter significantly drop (Sect. 2.2.3). The temper T6 hardness is, however, as expected for the cast (e.g. gravity permanent mould casting) though the structures are not similar. Additionally, along with the structural changes previously revealed (also found in Fig. 25 ), Al-Si-Fe precipitates also appeared (possibly FeSiAl 5 plates).
These precipitates are not found in the as-built samples (selective laser melting). It is possible that these precipitates are dissolved (in the solid aluminium solution) at higher temperatures (beyond the solution heat-treatment temperature), and thus not precipitating because of the high cooling speed.
Conclusion
The study of additive processing of AlSi10Mg aluminium alloy and MMCs obtained from selective laser melting shows: 
